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Thermodynamic Parameters for lonisation and Dissociation of Alkyl 
Halides in Water and Nonaqueous Solvents. Comments on the lon-pair 
Mechanism of Nucleophilic Substitution l 
By Michael H. Abraham, Department of Chemistry, University of Surrey, Guildford, Surrey 

Values of AGO, AHo, and ASo have been calculated by the appropriate thermodynamic cycle for the ionisation of alkyl 
halides to the ion-pair R+X- and for the dissociation of alkyl halides to the pair of ions R +  f X-, in water and in 
nonaqueous solvents. It is shown that values of AGO and AHo for ionisation of methyl and ethyl halides are so 
much higher than the observed values of AGt and AH3 for solvolysis that it is energetically quite improbable that 
these halides undergo solvolysis or other nucleophilic substitutions by an ion-pair mechanism. For the isopropyl 
halides, AGO and AH0 for ionisation are only slightly higher (by 1-5 kcal mol-l) than AGZ and AH$ for solvolysis, 
so in view of the experimental error in the calculated values it is just possible that simple secondary hatides might 
undergo solvolysis by an ion-pair mechanism. Values of AGO and AHo for ionisation of t-butyl halides are less than 
AGt and AH$ for solvolysis, thus indicating an S,l or ion-pair-like transition state. This is confirmed by the 
marked correlation between the ionisation and activation parameters (G, H, and S )  for reaction in six polar solvents. 

SNEEN and LARSEN’S unified ion-pair mechanism of 
nucleophilic substitution has aroused widespread com- 
ment. Criticisms 3 ~ 4  of Sneen’s original treatment have 
been answered by Sneen and Robbins; it now appears 
that it is difficult (if not impossible) to distinguish 
between the ion-pair mechanism and the classical 
SK1-&2 scheme by kinetic methods.*5 Results on the 
solvolysis of l-methylheptyl methanesulphonate in 
aqueous dioxan can only be accommodated into the 
classical scheme, however, by the assumption of unusual 
negative normal salt-effects of added azide and for 
solvolysis of a number of s-alkyl substrates the ion-pair 
mechanism seems to be a reasonable alternative to the 
sS1-sN2 

The possibility that even primary and methyl sub- 
strates might undergo nucleophilic substitution by the 
ion-pair mechanism was put forward by Sneen aiid 
Larsen,2 but other workers have insisted that the 

1 Preliminary communication, M. H. Abraham, Chem. Comnz., 

R. A. Sneen and J. W. Larsen, J .  Amer. Chem. Soc., 1969, 

B. J. Gregory, G. Kohnstam, M. Paddon-Row, and A. 

D. J. Raber, J. M. Harris, R. E. Hall, and P. v. R. Schleyer, 

R. A. Sneen and H. M. Robbins, J .  Amer. Chem. SOC., 

J .  M. Harris, J. F. Fagan, F. A. Walden, and D. C. Clark, 
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Queen, Chem. Comm., 1970, 1032. 

J .  Amer. Chem. Soc., 1971, 93, 4821. 

1972, 94, 7868. 
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solvolysis of 9-nitrobenzyl chloride in aqueous acetone,’ 
the substitution of p-nitrobenzyl chloride by trimethyl- 
amine in a variety of solvents,* and nucleophilic sub- 
stitutions of bromoacetic acid in water? proceed by 
S N ~  reactions and not by ion-pair mechanisms. How- 
ever, Scottlo has suggested that methyl halides in 
aqueous solution react by the ion-pair mechanism, and 
Scott and Robertson 11 later used this mechanism in the 
interpretation of nucleophilic substitutions of the methyl 
halides. Koskikallio l2 has also postulated an ion-pair 
mechanism for nucleophilic substitutions of methyl 
nitrate, perchlorate, and benzenesulphonate in water. 
For the aqueous hydrolysis of the methyl halides there 
is now the remarkable situation that charge separation , 
x, in the transition state is claimed (i) to be13 close to 
zero, x fi 0, (ii) to be l4 quite small, x = 0.3, and (iii) to 
be lo very large, z = 0 . 7 6 4 . 8 7 .  

In its simplest form, the ion-pair mechanism reduces 

B. J. Gregory, G. Kohnstam, A. Queen, and D. J. Reid. 

* M. H. Abraham, J .  Chem. SOC. (B),  1971, 299. 
J. L. Kurz and J. C .  Harris, J .  Amer. Chem. Soc., 1970, 92, 

lo J. M. W. Scott, Canad. J .  Chem., 1970, 48, 3807. 
l1 J. M. W. Scott and R. E. Robertson, Canad. J .  Chem., 1972, 

l2 J .  Koskikallio, Acta Chem. Scand., 1972, 26, 1201. 
l3 J. L. Kurz, Accounts Chem. Res., 1972, 5,  1.  
14 M. H. AbrahamandG. F. Johnston, J .  Chem. SOC. ( A ) ,  1971, 
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to equations (1) and (2), where R+X- is an ion-pair that 
is attacked by the nucleophile N ;  the latter may be a 

RX + R+X- (1) 
(2) R+X- + N + Products 

solvent molecule. Scott lo suggested that for sub- 
stitutions of the methyl halides in water, kobs = K, . k ,  
so that AGtobs = AGOl + AGX,, where AGO, is the stand- 
ard free energy change for reaction (1) and AGt, is the 
free energy of activation for reaction (2). It therefore 
follows that AGSobs > AGO, and Scott lo deduced values 
of AGO, that were indeed much lower than the observed 
free energies of activation for nucleophilic substitutions. 
Although more complicated than equations (1) and (2), 
Koskikallio's l2 proposed ion-pair mechanism still re- 
quires the above inequality. If the ion-pair mechanism 
did apply to SN reactions of the methyl halides (the least 
likely substrates to react via ion-pairs), the classical 
sN1-sN2 scheme could then be regarded as obsolete; 
clearly, other methods for the assessment of the feasibility 
of reaction (1) are required. In the present work, values 
of AGO, have been calculated and compared with &Sobs 

for solvolysis. If the calculated value of AGO, is greater 
than AGsobs then it is evident that the ion-pair cannot lie 
on the reaction path from substrate to solvolysis product. 
The same reasoning applies to other nucleophilic reac- 
tions as well as to solvolyses. 

Theory of the Method-Equations (3)-(9) when sum- 
med give the ionisation reaction (l), and equations (3)- 
(8) give the dissociation reaction (10). The standard 
thermodynamic quantities for reactions (3)-(9) will thus 
yield corresponding values for both ionisation (1) and 
dissociation (10) of the substrate RX in solution. In the 
present work, standard states adopted will be 1 atm(g) 
and 1 mol l-l(soln). 

RX(so1n) _jl RX(g) (3) 
R X k )  - R*k)  + X W  (4) 

R W  - R + ( d  (5) 
X*(g) - X-(d (6) 
R+(g) + R+(soln) (7) 
X-(g) __)I X-(soln) (8) 

(9) R+(soln) + X-(soln) _t R+X-(soln) 
RX(so1n) _t R+(soln) + X-(soln) (10) 

This method has previously15 been used to calculate 
values of AHolo in aqueous solution. An attempt was 
made by Franklin l6 to calculate ASo,,, AHo,,, and (hence) 
AGO,,, but he used data that referred to the pure liquid 

* Arnett et aZ.20 determined AHs for ButCl(1) in various water- 
ethanol mixtures. Extrapolation to pure water is not easy and 
yields values from 1.5-2.5 kcal mol-l (cf. the value of 3 kcal 
mol-1 used by Gold 21). 

l 5  E. C. Baughan, M. G. Evans, and J. C. Polanyi. Trans. 
Faraday Soc., 1941, 37, 377; A. G. Evans, Trans. Faraday SOC., 
1946, 42, 719; M. J. Frazer and N. Singer, Educ. Chem., 1964, 1, 
39. 

l6 J. L. Franklin, Trans. Favaday SOL, 1952, 48, 443. 
1' D. M. Alexander, D. J. T. Hill, and L. R. White, Austval. 

J .  Chem., 1971, 24, 1143. 

solute in reaction (3), SOY& aqueous methanol in reactions 
(7) and (8), and 80% aqueous ethanol in the solvolyses 
reactions to which his results were compared. No 
calculations of AGO,, AHo,, and ASol have hitherto been 
presented. Parameters for reactions (3)-(9) were ob- 
tained as follows. 

Reaction (3). Values of AGO,, AHo,, and ASo, are 
known for the escape of methyl halides from water, and 
values of AGO, for other alkyl halides can be deduced from 
their solubilities in water,18 and their normal vapour 
pressures.lg A value of AH0, for t-butyl chloride from 
water can be obtained from the heat of solution of the 
liquid solute 2o (ca. +2 kcal mol-l) * and its heat of 
vaporisation 22 (6.9 kcal mol-l), whence AHo3 = +4-9 
kcal mol-l. Parameters for the escape of alkyl halides 
from a number of non-aqueous solvents are in Table 1. 

TABLE 1 
Thermodynamics of escape a of gaseous alkyl halides 

from some nonaqueous solvents at  298 K 
Solute Solvent AG',b AHO,= AS',d 
Me I Methanol 0.98 6 . l f  17.4 
EtI  Methanol 1.7 6-9 17.4 
PriI Methanol 1.98 7.4 18.5 
But1 Methanol 5 - 0 0  7-80 19.5 
ButBr Methanol 1.4 7.1 19.1 
B u U  Methanol 1-1 6.6 18.4 

ButBr Ethanol 1.5 7.1 18-7 
ButCl Ethanol 1.1 6.6 18.4 
ButBr Acetonitrile 1.7 6.6 16.4 
ButCl Acetonitrile 1.3 6.2 16.4 
ButBr Dimethylformamide 1.7 7.0 17.8 
ButCl Dimethylformamide 1-3 6.4 17.1 
But Br Ace tone 1.9 7.0 17.1 
ButCl Acetone 1.6 6.5 16.4 

a AGO and AH0 in kcal mol-l, ASo in cal K-l mol-l; standard 
states 1 atm. gas and 1 molar solution. From data in ref. 30. 
c From calorimetrically determined heats of solution of 
liquid solutes, M. H. Abraham, unpublished observations, and 
calorimetrically determined heats of vaporisation from ref. 22. 
d From the AGO, and AHO, values. * R. Alexander, E. C. F. 
KO, A. J. Parker, and T. J .  Broxton, J .  Amer. Clzem. SOC., 
1968, 90, 6049. f From the heat of solution of MeI(l), 
0.49 kcal mol-1 (P. Haberfield, L. Clayman, and J. S. Cooper, 
J Amer.  Chem. SOC.,  1969, 91, 787), and the heat of vaporis- 
ation, 6-63 kcal mol-l, from ref. 41. 

Reaction (4). AH0, Values are available,% and ASo, 
values may be calculated (Table 2); the corresponding 
AGO, values are also in Table 2. 

AHo, Values have been determined 24 

and may be corrected by the entropy term AS0, = 
--R In 2 to give values of AGO5. 

McCoubray 25 has given AHo6 values 
which may again by corrected by the term AS0, = 
-R ln2  to give AGO, values. Although McCoubray's 

18 N. C. Den0 and H. E. Berkheimer, J .  Chem. Eng. Data, 
1960, 5, 1. 

19 R. R. Dreisbach, ' Physical Properties of Chemical Com- 
pounds,' American Chemical Society, Washington, 1961. 

20 E. M. Arnett, W. G. Bentrude, J .  J .  Burke, and P. hIcC. 
Duggleby, J .  Amer.  Chem. SOC., 1965, 87, 1541. 

2 1  V. Gold, J.C.S. Favnduy I, 1972, 1611. 
22 I. Wadso, Acta Chem. Scand., 1968, 22, 2438. 
23 J. A. Kerr, Chem. Rev., 1966, 66, 465; S. W. Benson, 

24 F. P. Lossing and G. P. Semeluk, Cnnad. J .  Chem., 1970, 

0 Estimated values. 

Reaction (5 ) .  

Reaction (6). 

J .  CJzenz. Educ., 1965, 42, 602. 

48; 59 5 5. 
J.  C. McCoubray, Trans. Favaday SOC., 1955, 51, 743. 
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electron affinities are not the most recent ones, they are 
consistent with the values used for AHo,. Any amend- 
ment to the AHo6 values will automatically be cancelled 
out in AH'S. 

Reactions (7) and (8). The data of Noyes 26 on the 
hydration of ions are used. Values for the hydration of 
carbonium ions were obtained from plots of hydration 
parameters against the cation molar volumes and are in 
Table 3. Since the cations used in such plots (Na+, K+, 
Rb', Cs+, and Me,N+) are all closed-shell ions, the objec- 
tion might be raised that such a procedure will not neces- 
sarily yield correct values for carbonium ions. There is 
evidence to show, however, that the obtained values of 

TABLE 2 
Thermodynamic parameters a for the process 

RX(g) -+ R*(g) + X*(g) at 298 K 
RX AGO, b AHO, C AS0, d 

MeF 98.8 108.0 31.0 
MeC1 74.6 83.5 29.9 
MeBr 61.3 70.0 29.4 
XeI 47.7 56.3 28.9 

EtF 95.9 106.0 33.8 
EtCl 71.7 81.5 32.8 
E tBr 59-4 69.0 32.3 
EtI  44.1 53.5 31.6 

PriF 94.4 105.0 35.7 
PriC1 70.7 81.0 34-4 
PriBr 57.9 68.0 33.9 
PriI 43.1 53.0 33.2 

ButF 91.1 102.0 36.6 
ButCl 67-9 78.5 35.7 0 

ButBr 52.4 63.0 35.7 0 

But1 39-2 49-5 34.6 e 

0 AGO and AHo in kcal mol-I, ASo in cal K-l mol-l; standard 
state 1 atm. Q From AHO, and ASO,. c Ref. 23. d Calculated 
from data in refs. 40 and 41, and by J. H. Purnell and C. P. 
Quinn, 1. Chem. Soc., 1964, 4049. Using an estimated 
value of S O  = 73-2 for the But radical. f With So = 74.5 
for ButF (G. Ya. Kabo and D. N. Andreevskii, Zhuv. fiz. 
Khim., 1971, 1021). 

APO, (P  = H ,  G, and S )  for carbonium ions are reason- 
able. (a) The value of AH0, for Me&+ in water calcu- 
lated by the present method (-56.5 kcal mol-l) compares 
well with that obtained by Gold 21 using an independent 
method (-59 kcal mol-l on Noyes scale). (b) It is 
known that there is a close correspondence between 
solvent effects on the free energy of the t-butyl chloride 
transition state and of the ion-pair Rle,N+Cl-. Now 
since the transition state is close to the species Me,C+Cl- 

26 R. 31. Noyes, J .  Amer.  Ckem. Soc., 1962, 84, 513. 
27 &I. H. Abraham, Cheiqz. Comm., 1972, 888; J.C.S. Faraday I ,  

1973, 1375. 
28 J .  E. I'rue and P. J .  Sherrington, Tvaizs. Favaday SOC., 

1961, 57, 1795; J. L. Hawes and R. L. Kay, J .  Phys.  C h e w ,  
1965, 69, 2420, 2787; R. P. T. Tomkins, E. Andalaft, and 
G. J .  Janz, Tvans. Faraday Soc., 1969, 65, 1906; F. Conti and 
G. Pistoia, J .  Phys.  Ckenz., 1968, 72, 2245; P. Beronius, G. TVik- 
ander, and .2.-M. Nilsson, 2. phys.  Chem. (Fvankfuvt) ,  1970, 70, 
5 2 ;  R. Bur\-, 11.-C. Justice, and J.-C. Justice, J .  chinz. Phys., 
1970, 67, 2045; E. &!I. Hanna, A. D. Pethybridge, and J. E. Prue, 
Electrochim. Acta, 1971, 16, 677; G.  J. Janz, J .  Electroanalyt. 
Chem. Interfacial Electrochem., 1971, 29, 107; H. S. Dunsmore, 
S. I<. Jolota, and R. Paterson, J.C.S. Faraday I ,  1972, 1583; 
,4. D'Aprano, .I. Phys.  Chem., 1972, 76, 2920; A. D'Aprano and 
I. D. Donato, Electrochim. A d a ,  1972, 17, 1175; U. Isacsson and 
G. Wikander, Acta Chem. Scand., 1972, 26, 1623; D. Singh and 
S. S. Aggarwal, 2. Phys.  Chenz. (Frankfurt) ,  1972, 81, 1. 

it follows that solvent effects on the free energy of 
Me,C+Cl- and of the closed-shell species Me,N +C1- will 
also be similar. Since these solvent effects cover a wide 

TABLE 3 
Thermodynamic parameters a for the hydration of 

gaseous ions a t  298 K 
Ion AGO A H o  A SO 

F- - 103.8 b -114.0' - 34.1 
NO, - 61.7 C - 68.0 d -21 c 

ClO,- -44.6' -5OC -19"  

H+ - 259.2 -267.9 - "9.3 
lfe,N+ -44.1 - 52.1 e ._ 26.7 e 
Me+ - 73.0 f - 77.0 f - 13.4 
RleCH2+ - 60.0 f - 65.5 f - 18.4f 
Jle,CH+ - 54.0 f -60.5f -21.81 
Me,C+ - 49.0 f - 56.5 f - 25.2f 
5 AGO and A H o  in kcal mol-I, ASo in cal 1C-l mol-l; standard 

states 1 atm. gas and 1 molar solution. Data from ref. 26 
except where indicated. b Ref. 25. From G. A. Kreshkov, 
Zhur. fiz. Khim. ,  1965, 39, 823; Teor i exp. Khiin., 1965, 1, 
479. d From H. D. B. Jenkins and T. C. \Taddington, 
J .  Inorg. Nuclear Chem., 1972, 34, 2465. From I<. H. Boyd, 
J .  Chem. Phys., 1969, 51, 1470. f Values estimated in t h ~ s  
work. 

range of solvents, it seems that solvation of Me,C+Cl- 
must be qualitatively and quantitatively similar to 
solvation of Me,N+Cl-, so that the closed-shell cation 
Me,N+ is a reasonable model for the cation hle,C+ in 
terms of solvation behaviour. (c) In part (iii) of the 
Results and Discussion section, the present obtained 
values of APo,-(R+) are combined with standard data 
to yield values of APof(R+,  as).  Such APof values can 
then be used to calculate A P o  values for a number of 
processes involving carbonium ions in aqueous solution, 
and it is shown that the APO values are in accord 
with available experimental data. Hence the original 
APo7(R*) values are again seen to be realistic values. 

For non-aqueous solvents, the hydration parameters 
of Noyes were combined with data2' on the transfer of 
ions from water to the given solvents; values for carbon- 
ium ions were calculated as above. 

In all the above calculations, cation molar volumes 
used were (ml mol-l) : Me+ 15; MeCH,+ 31 ; Me,CH+ 47; 
Me&+ 63. Since values of APO, (M+) do not vary very 
greatly with cation molar volume, use of slightly different 
molar volumes for R+ would not lead to significantly 
different hydration parameters. 

Values of ion-pair association constants, 
K,\, are known for alkali halides,28 and tetra-alkyl- 
ammonium halides 29-34 in water and nonaqueous solvents. 

29 P. G. Sears, E. D. Wilhoit, and L. R. Dawson, J .  Pkys .  
Chein., 1955, 59, 373; D. I;. Evans, R. L. Kay, and C. Zawoyski, 
ibid., 1965, 69, 3878, 4208; D. F. Evans and P. Gardam, ibid., 
1968, 72, 3281; D. I;. Evans, J .  Thomas, J .  A. Sadas, and 
M. A. Matesich, ibid., 1971, 75, 1714. 

30 M. H. Abraham, J.C.S. Pevkin 11, 1972, 1343. 
31 R. M. Izatt, D. Eatough, J. J. Christensen, and C. H. 

Bartholomew, J .  Chem. SOC. ( A ) ,  1969, 45; F. -Accascina, 
M. Goffredi, and R. Triolo, 2. Phys.  Chem. (Fva92kfuvt), 1972, 81, 
148. 

32 C. de Visser and G. Somsen, Rec. Trav.  chiin.. 1972, 91, 942. 
33 W. A. Adams and K. J. Laidler, Canad. J .  Chewi., 1968, 46, 

34 S. R. C. Hughes and D. 13. Price, J .  Clzent. Snc. ( A ) ,  1968, 

Reaction (9). 

1977, 2005. 

1464. 
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For each solvent, plots of K A  against the cation molar 
volume were constructed, treating the chlorides, bro- 
mides, iodides, nitrates, and perchlorates separately, and 
the required KA (K,) values estimated from the various 
plots. For salts of a given anion in a given solvent, 
values of KA do not vary greatly with the cation molar 
volume. This procedure yields AGO, values, but it is not 

Where this procedure was used, AGO, ranged from +1.5 
to -2.9 kcal mol-l and ASo, from -6 to + 12 cal K-3 mol-l 
over the various solvents and solutes, so that the addi- 
tional error in ASo, introduced is probably not more than 
2 or 3 units. Just as for reaction (7), data on closed-shell 
cations has been used, above. Where results can be 
checked against experimental data, as in the solvolyses 

TABLE 4 
Calculation of thermodynamic parameters a for the ionisation and dissociation of alkyl halides, in water at 298 K 

MeF hIeCl MeBr BleI ButCl 
r k -  

Proccss AGO AHo AS0 AGO AHo ASo AGO AHo AS0 AGO AH0 AS0 AGO A H O  ~ s o  
(3) -1 .7  4.8 20.1 -1 .3  5.6 23.2 -1.1 6.2 24.5 -1.0 6.2 24.1 - 3 4  b 4.9 26.5 
(4) 98.8 108.0 31.0 74.6 83.5 29.9 61.2 70.0 29.4 47.7 56.:1 28.9 67.9 78.5 35.7 
(5) 227.3 236.!1 -1.4 225.. ,  226.9 -1.4 237.3 226.9 -1.4 227.3 226.9 -1.4 160.2 159.8 -1.4 
(6) -81.8 -82.2 -1.4 --R6.!l -87.3 -1.4 -81.6 -82.0 -1.4 -75.3 -7.;j.7 -1.4 -86.9 -87.3 -1.4 

-77.0 -13.4 -73.0 -77.0 - 1 3 4  -49.0 -56.5 -25.2 (7) -73.0 -77 .0  - 1 3 4  -73.0 -77.0 -13.4 -73.1) 
(8) -103.8 -114.0 -34.1 -74.8 -80.9 -20.: -67.9 -72.8 -16.3 -59.0 -62.4 -11.3 -74.8 -80.9 -20.3 

Dissociation (10) 65-8 66.0 0.8 65-9 70.8 16.6 64-9 71.3 21.4 66.5 74.3 25.5 14.4 18.5 13.9 
1.5 -0.6 -7.0 0.1 0.1 0.0 

Ionisation (1) 66.1 66.0 -0.2 66.6 70.6 13.6 6 6 4  70-8 15.4 68.2 73.7 18.5 14.5 18.6 13.9 

-*- 7 r-- c-A-7 r-A- 7 

1.3 -0.5 -6.0 (9) 0 .3  0.0 -1.0 0.7 -0.8 -3.0 

0 AGO and AHo in kcal mol-', ASo in cal K-' mol-'; standard states 1 atm. gas and 1 molar solution. Data as given in the text, except where indicated. b From datain 
ref. 30. 

TABLE 5 
Comparison of thermodynamic parameters for dissociation (10) and ionisation (1) of allcyl halides with activation 

parameters for solvolysis, at 298 K a 

RX Solvent AGOlo AHO,, ASo,, AGO, AHo, ASOX AG% AH2 AS++ 
RZeF Water 66 66 1 66 66 0 30 27 -9 
MeCl Water 66 71 17 67 71 14 28 27 -4 
MeBr Water 65 71 21 66 71 15 26 25 -3  
Me I Water 67 14 26 68 74 19 27 27 1 
E t F  Water 42 42 
EtCl Water 42 43 27 26 -1  
EtBr Water 42 43 26 26 -2  
EtI  Water 42 43 27 27 0 
PriF Water 27 28 
PrC1 Water 28 28 27 26 -2  
PriBr Water 27 28 25 26 3 
Pril Water 28 28 25 27 
ButF Water 14 14 26 24 -8  
ButCl Water 14 18 14 15 19 14 20 23 12 
ButBr Water 1 1  11  18 22 15 
But1 Water 14 14 17 

I- 

Me1 Methanol 73 70 -9 72 70 - 5  29 (I 
EtI  Methanol 49 47 - 7  48 48 - 1  29 8 

PriI Methanol 36 34 - 4  33 34 3 28 
But1 Methanol 22 21 -2 20 22 6 23 f 22 f -2 f  

ButCl Methanol 24 22 -8 23 22 - 3  26 25 b - 3 6  
ButBr hlethanol 20 19 - 4  19 19 2 24 b 24 O b  
But1 Methanol 22 21 -2 20 22 6 23 f 22 f - 2 f  

Values for the activation parameters 
for hydrolysis in water from R. E. Robertson, R. L. Heppolette, and J .  M. W. Scott, Canad. J .  Chem., 1959, 37, 803, and R. L. 
Heppolette and R. E. Robertson, Canad. J .  Chenz., 1966, 44, 677. 8 R. G. Pearson, 
H. Sobel, and J. Songstad, J .  Amer. Chem. SOC., 1968, 90, 319. e Values estimated from AGS in water with m as 0.3 (EtI) and 
0.5 (PriI). 

a AG and AH in kcal mol-l, A S  i n  cal K-l mol-l rounded-off to the nearest whole number. 

b From Table 8. 6 Footnote h, Table 8. 

f Footnote c,  Table 8. 

so easy to obtain values for ASo, and AHo,. For reaction 
(9; RX = ButCl and ButBr), ASo, was taken (in cal 
K-1 mol-1) as 0 in water,31 +9 in DMF,32 and +14 in 

of t-butyl halides, it seems again as though the method 
does yield realistic parameters for reaction (9). 

acetone,33 and the corresponding AHo, values derived 
from AS09 and AGO,. Where values of ASo* (ASo,) are RESULTS AND DISCUSSIOK 

known, or can be cakulated from literature data, for 1 : 1 
electrolytes in polar or moderately polar solvents 31-34 it 
seems that approximately ASo, (cal K-l mol-l) = 4.3AG0h 
(kcal mol-1) ; in this way values of ASo, and hence of 
AHO, were obtained from AGO, values for all other cases. 

(i) Reactions in Water and Methanol.-A complete 
analysis in terms of G, H ,  and S may be carried out for 
reactions (1) and (10) with five alkyl halides in water 
(Table 4 ) .  Additional data are available for reactions in 
methanol, and in Table 5 are summarised the final results 
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for calculation on reactions (1) and (10) in water and 
methanol. The absolute error in values of AGO and AHo 
for reactions (1) and (10) could be as much as 3 or 4 kcal 
mol-1, and the absolute error in AS0 as much as 5 cal 
K-l mol-1. However, the errors in relative values either 
for a given alkyl halide in different solvents or for 
different alkyl halides in the same solvent will be much 
less. Results (below) on reactions of ButCl in different 
solvents suggest that relative errors in AGO, and AGOl0 
could be as low as 0.3 kcal mol-l. 

For primary alkyl halides the calculated values of 
AGO, and AHo, for the ionisation reaction (1) are f a r  
higher than the corresponding activation parameters for 
solvolysis and (for the methyl halides) far higher than 
Scott's lo calculated AGO1 values (kcal mol-l) for ionisation 
in water (Table 6). With the AGO1 values calculated in 

TABLE 6 
RX MeF MeCl MeBr Me1 EtCl EtBr EtI 
AGO, (This 66 67 66 68 43 43 43 

AGO, (Scott) 19 12 10 9 
AGtOh, for 30 28 26 27 27 26 27 

work) 

hydrolysis 

the present work, it follows that for primary alkyl 
halides AGO, > AGtobs and hence that the ion-pair cannot 
lie on the solvolysis reaction path. (The same conclusion 
is true also for other nucleophilic substitutions of the 
methyl and ethyl halides.) The differences AGO, - 
AGSohs are ca. 40 kcal mol-1 for the methyl halides and 
15 kcal mol-1 for the ethyl halides in water, so that they are 
well outside the absolute error limits. It seems to be 
generally agreed, even by Sneen and Larsen? that it is 
energetically not feasible for primary halides to  dis- 
sociate into a pair of ions in common solvents (and the 
calculated values of AGOlo and AHo10 in Table 5 confirm 
this), so that of the set of reactions (3)-(9), only the 
association reaction (9) is left as a possible source of 
errors of the above magnitudes. Values of AGO, have 
been calculated from K A  values determined conducto- 
metrically. In such determinations both closed and 
solvent-separated ion-pairs will be counted together, 
whereas in his analysis Scott lo specifically considered 
reaction to proceed via closed ion-pairs. However, since 
closed ion-pairs will constitute only some fraction of the 
total ion-pairs, values of KA for association of a pair of 
ions to closed ion-pairs must be smaller than the ob- 
served KAY values and hence AGO9 values for association 
to closed ion-pairs will be more positive than those used 
in the present calculations. Use of AGO9 values for closed 
ion-pairs will therefore result in AGO, values more 
positive than those calculated here, and will accentuate 
the AGO, - 'lGtobs differences, observed for the methyl 
and ethyl halides. Sneen and Larsen suggest that in 
some way ion-pairs derived from primary alkyl halides 
may be more stable than expected, but in order to reduce 
the AGO, value for, say, methyl iodide from 68 to 27 kcal 
rno1-l (the value of hGtobs for aqueous hydrolysis) the ion- 
pair association constant in reaction (9; RX = MeI) 

would need to be 10 29 as compared with usual values for 
1 : 1 electrolytes in water of less than unity! There 
seems no way in which the present calculations can be 
responsible for the observed discrepancy in the AGO, and 
AGtobs values for primary halides. Scott's values of 
AGO, differ from those calculated in the present work also 
by enormous margins (see above); his treatment in- 
volved the assumption that HO- and H20 react with 
cations Ar&+ in water by simple unitary processes. 
However, Ritchie 35 has shown that the reaction of H,O 
with Malachite Green is subject to general base catalysis 
and hence that attack of HO- might be regarded as a HO- 
catalysed attack of H20. If Scott's assumption is not 
valid, his calculated values of AGO, may thus not be at all 
correct. 

Scott and RobertsonlOJ1 lay stress on the fact that 
Scott's calculated values of AGO, help to explain the 
peculiar sequence of hydrolysis rates in water, MeCl < 
MeBr > MeI. They claim that such a sequence in water 
is characteristic of a mechanism in which nucleophilic 
attack on an ion-pair is important (as, they suggest, for 
hydrolyses of MeX and PriX), whereas the normal 
sequence in water, RCl < RBr < RI, is charac&ristic 
of a mechanism in which a closed ion-pair yields a 
solvent-separated ion-pair (as, they suggest, for hydrolyses 
of ButX). However, Koskikallio 36 has observed the 
sequence RC1< RBr < RI for hydrolyses of the primary 
halides BunX in water at 80,60,40, and on extrapolation 
at 25". It would be a peculiar situation if halides BunX 
and ButX were held to  hydrolyse by one type of mechan- 
ism and halides MeX and PriX by another, so that doubt 
is cast on the use of the above reactivity sequences in 
water as a mechanistic criterion. 

On the evidence of the present calculated values of 
AGO, and AHO,, I conclude that methyl and ethyl halides 
do not undergo solvolyses or other nucleophilic sub- 
stitutions by the ion-pair mechanism in solvents such as 
water, methanol, ethanol, dimethylformamide, aceto- 
nitrile, and acetone, and that charge separation in their 
solvolysis transition states must be very small (cf. refs. 13 
and 14). Values of AGO, for the isopropyl halides are 
only slightly higher than values of AGtobs for solvolysis 
in water and methanol, and in view of the experimental 
error in AGO,, it is just possible (though a little unlikely) 
that simple secondary alkyl halides undergo solvolysis by 
the ion-pair mechanism ; for other secondary substrates 
the ion-pair mechanism could energetically be feasible. 
Calculated values of AGO, for the t-butyl halides are all 
less than the AG*obs values for corresponding solvolyses, 
so that an ion-pair mechanism can operate in these cases. 
For solvolyses of the t-butyl halides it has been shown 30 
that the rate-determining step is reaction (l), so that 
AGtobs = AGtl. Since AGt, > AGO, it follows that 
AGSobs > AGO,, in agreement with the present calcul- 
ations. 

Approximate calculations on methyl, ethyl, and iso- 
propyl nitrates show that values of AHo, for the nitrates 

35 C. D. Ritchie, J .  Amer. Chsm. Soc., 1972, 94, 3275. 
38 J. Koskikallio, Acta Chem. Scand., 1967, 21, 397. 
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do not differ significantly from values for the correspond- 
ing halides, e.g. for reaction (1) in water AHo, values (kcal 
mol-1) are: Me1 74, EtI  50, PriI 36; MeNO, 73, EtNO, 

TABLE 7 
Comparison of entropies (cal K-l mo1-I) of activation for 

solvolyses in water and methanol with standard 
entropies (cal K-l mol-I) of ionisation of alkyl halides 
[reaction ( I ) ]  a t  298 K 

Solute Solvent ASS ASo, 
ButBr Water 15 a 
ButCl Water 12 14 a 
MeC10, Water 
Me1 Water ; :} 19 
JileNO, Water -3,d - l =  

ButBr Methanol 0 "  2 "  
ButCl Methanol - 3 "  - 3 "  

- 5 e  MeC10, Methanol - 2 0 1  
Me1 Methanol -20 #I 

a From Tables 5 and 8. From A S $  = 5.6 at 12" (ref. 37) 
assuming ACS, = -50 cal K-' mol- l .  e Approximate calcu- 
lations suggest values for the perchlorate and nitrate will be 
close to those for the iodide. From ASS = -10.8 at 75' 
(S. Jokinen, E. Luukkonen, J. Ruostesuo, J. Virtanen, and 
J. Koskikallio, Acta Chem. Scand., 1971, 25, 3367), assuming 
AC,S = -50 cal I<-1 mol-l. From data by J. S. McKinley- 
McKee and E. A. Moelwyn-Hughes, Trans. Faraday Soc., 
1952, 48, 247. f J.  Koskikallio. Suomen Kem.,  1967, 40B. 
131. Note that the solvent contained ca. 4% cyclohexane. 
9 At 75" from data by D. Cook, I .  P. Evans, E. C. F. KO, and 
A. J. Parker, J .  Chem. SOC. (B) ,  1966, 404. The value at 25" 
will probably not differ by more than 1 or 2 units. 

52, Pr'NO, 38. Thus neither methyl nitrate nor ethyl 
nitrate can hydrolyse in water by the ion-pair mechan- 
ism. 

Calculated values of the entropy of ionisation, ASO,, are 
all large positive quantities for the alkyl halides (except 
the fluorides) in water, whereas in methanol values are 

J.C.S. Perkin I1 
values of ASo, is more instructive (see Table 7) ,  and shows 
that although AStobs for solvolysis of methyl perchlorate 
in water is positive, it is still much more negative than the 
calculated value for ionisation. Of the listed substrates, 
only the t-butyl halides give rise to AS$obs values that are 
close to the calculated values of ASo,, and I suggest that 
whereas the halides ButX undergo solvolysis by an Sxl  
or ion-pair mechanism, the substrates MeClO,, MeNO,, 
and Me1 do so both in water and in methanol by a 
mechanism that is close to the S N ~  type of reaction. 

(ii) SolvoZyses of the t-Butyl Halides.-In Table 8 are 
the calculated parameters for reactions (1) and (lo), and 
activation parameters for solvolyses, in six polar solvents. 
Parameters for the ionisation reaction (1), parallel 
strikingly the activation parameters. Plots of AG$o,,s 
against AGO, yield good straight lines of slopes 0.8 
(ButCl), and 0.8 (ButBr), values close to those obtained 30 
on plotting values of AGO, ([ButX]t) values against of 
AGOt (Me,NX), z i z .  0.7 after correction for a small non- 
electrostatic effect.* There are also reasonable linear 
correlations between ASSobs and ASo,, but the correl- 
ations between AHSobs and AHo, are not very good. This 
is partly because the variation in AH with solvent is less 
than that in AG and partly because is known 
much less accurately than is AGSobs. The present results, 
however, confirm that reaction (1) is a good model for the 
activation process, and that the transition states for 
solvolyses of the t-butyl halides lie between the halide 
and the ion-pair but very close to the ion-pair. 

(iii) Thermodynamics of Carboniunz Ion Formation atid 
Reactions.-In the introduction, the use of data on 
closed-shell ions to deduce values of APO,(Rf), where 
P = H ,  G, and S, was justified on a number of grounds, 

TABLE 8 
Comparison of thermodynamic parameters for dissociation (10) and ionisation (1) of t-butyl halides with activation 

parameters for solvolysis at  298 K a 
R X  Solvent AGO,, AHo,, ASo,, AGO, AHO, ASO, AGS A H %  ASS 

ButCl Water 14.4 18.5 14 14-5 18-6 14 19 .5b 23-1 12 b 
ButCl Methanol 23.8 21.5 -8  22.6 21.8 - 3  2 5 . 8 ~  , d  24.9~9d - 3  0,d 

ButCl Ethanol 26.6 21.2 -18 23.8 22.0 - G  27.1 d 26.1 d - 3 8  
ButCl Acetonitrile 29.1 20.5 -29 26.8 21.2 - 19 29.4 e 25.2 f -14f 
ButCl Dimethylformamide 28.4 19.6 -29 26.1 20.2 -20 29.06 2 4 . 6 ~  -159 
ButCl Acetone 33.5 21.7 -40 29.6 22.0 -26 31.4e 

ButBr Water 11-4 11.3 17-6h 22-0h 15 h 
ButBr Methanol 20.2 19.0 - 4  18.7 19.4 2 -  93.5 c , i  23.5 c , i  0 c, i  

ButBr Ethanol 23.0 18.5 -15 20.1 19.3 - 3  24.7 i 24.4 - 1  i 
ButBr Acetonitrile 23.3 15.5 -26 21.1 16.1 -17 25.4f 22.5 f - 10f 
But& Dimethylfoi-mamide 22-7 14.0 -29 20.6 14.6 -20 25.1 i 21.9 f - 1 1  
ButBr Acetone 26.9 15.9 -37 23.2 16.4 -23 27-20  

Q AG and A H  in kcal mol-I, A S  in cal K-l mol-I. Footnote a, Table 5.  e J.  Biordi and E. A. Jloelwyn-Hughes, J .  Chem. SOC., 
1962, 4291. p E. S. 
Rudakov and V. P. Tretyakov, Reakts. spos. 0i.g. Soedinenii, 1965, 2, 142; S. D. Ross and M. M. Labes, J .  Anzer. Chem. SOC., 1957, 
79, 4155. 

d S. Winstein and A. H. Fainberg, J .  Amer. Chem. SOC., 1957, 79. 5937. c Ref. 30. J Estimated values. 

h E. A. Moelwyn-Hughes, J .  C h e m  SOC., 1962, 4301. i P. 0. I. Virtanen, Suoiizen Ketn., 1967, 40B, 179. 

much closer to zero. Koskikallio37 at one time inter- 
preted values of ASSobs for the solvolysis of methyl per- 
chlorate in water and methanol in terms of the classical 
Ssl-S~2 scheme, reasoning that the positive value in 
water indicated the Syl mechanism and that the negative 
value of ASSobs in methanol indicated the S N ~  mechan- 
ism. A comparison of ASSobs values with calculated 

one of which was that the values of A P , ( R + )  so ob- 
tained led to realistic values for APof(R+,  aq). In 

* The values obtained in the present work should provide 
better estimates of charge separation in the transition state than 
those found 30 using the solutes Me,NfX- as comparative 
standards. 

3' J .  Koskikallio, Acta Cheiii. Scaiid., 1969, 23, 1477. 
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TABLE 9 
Thermodynamic parameters a for the formation of 

carbonium ions (g, 1 atm) a t  298 K 
AGOf AHOf SO AHOtb AHOtC 

m+ 262.0 261.0 45.0 261 
Et+ 226-3 219.5 57.8 219 (2":;) 
Prn+ 221.1 207-6 67.9 208 
pp+ 205.5 191.5 66.2 192 190 
Bun+ 201.7 201 
Bul+ 198.7 199 
Bus+ 183.3 183 
But' 187.3 165.2 71.8 167 163 
0 AGOf and AHof  in kcal mol-l, SO in cal K-l mol-l; this 

work except where indicated. Ref. 24. C Theoretically 
calculated values (ref. 39). 

TABLE 10 
Thermodynamic parameters a for the formation of car- 

bonium ions in aqueous solution (molar scale) at  
298 K 

AGOf AHOi SO 
H+ 0 0 0 
Me" 83.9 84.9 36.2 
Et- 61.3 54.9 43-6 
Prnf 62.0 48.0 50.7 
Pri+ 46.5 31.9 48.6 
Bun+ 46.1 
BuiL 43-1 
Bu@+ 27.7 
But+ 33.5 9.8 b 50.9 
HO- -37.6 - 55.0 -2.5 

0 AGOf and AHOt in kcal mol-l, SO in cal K-l mol-l. Ref. 
21 gives values of <13 and <15. 

solution follow from the values of A P f ( R f ,  g), and of 
APo,(R+) and are in Table 10 together with values40 
for a few other ions. By combining data on pure sub- 
stances 41 with literature data on solution of alcohols 42-45 

and hydr~carbons,l~.~~*~~*~~ values of APof in aqueous 
solution may be calculated for these solutes. Combin- 
ation of such A P f  values with values of APof(R+, as)  
enable standard reaction parameters for a number of 
carbonium ion reactions in aqueous solution to be 
calculated. 

Data on reactions involving But+(aq) are in Table 11, 
together with observed activation parameters. For 
reactions in which AHo and AGO are positive it follows 
that AH$ > AHo and AGt > AGO. Furthermore, if 
AHo and AGO are large in value, then from Hammond's 
postulate it would be expected that AH$ - AHo and 
AGt - AGO would be rather small (Le. that the transition 
state would resemble the products), Examination of 
Table 11 shows that these expectations are realised in all 
four reactions; hence the values of APof(But+, as)  and 
therefore those of APo,(But+) must be realistic ones. 

Standard reaction parameters have also been calcu- 
lated for reaction (11) in order to obtain data for other 

alkene (aq) + H+ (aq) + R+ (as) 

carbonium ions reactions. Values are in Table 12. 
These reaction parameters are again in accord with 

(11) 

TABLE 11 
Comparison of thermodynamic reaction parameters with activation parameters a at 298 K 

Process AGO A H o  ASo AGt A H $  A S $  
Isobutene (g, 1 atni.) + H+ (as) __+ But+ (aq) 19.6 13.8 - 19.3 24-9 b 17.06 -26.66 
Isobutene (aq) + H+ (aq) But+ (aq) 16.5 19-7 10.7 22.1 22.6 C 1.7 * 
ButOH (as) + H+ (as) + But+ (aq) + HO, (1) 21-8 31-5 32.4 27.4 d 34.4 d 23.4 d 
ButCl (as) __c But+ (aq) + C1- (aq) 14.4 18.5 14 19-5 23.1 e 12 

a AG and AH in kcal mol-l, A S  in cal K-l mol-l; standard reaction parameters calculated from data in Table 10. b Observed 
Observed activation parameters (ref. 44 and F. G. Ciapetta and M. Kilpatrick, J .  Amer.  Chem. 

Calculated activation parameters (see ref. 44) from activation parameters for the overall back reaction and 
These calculated activation parameters a t  298 K can be compared with the observed 

e Observed 

activation parameters (ref. 47). 
Soc., 1948, 70, 639). 
standard parameters for the overall reaction. 
parameters a t  328 I<. AGt = 22.7, AHS = 29.4, and ASS = 22.5 (I. Dostrovsky and F. S. Klein, J .  Chem. SOC., 1955,791). 
activation parameters (Table 8). 

Table 9 are values of APof(R+, g )  ; the AHof(Rf ,  g) values 
compare well * with other recent  value^.^^^^^ Para- 
meters for formation of the carbonium ions in aqueous 

Alkene 
Isobu tene 
But-l-ene 
Propene 
Ethylene 
tvans-But-2-ene 
cis-But-2-ene 
Propene 
Isobutene 

R+ 
Bui+ 
Bun+ 
Prn+ 
Et+ 
Bus+ 
Bus+ 
Pri+ 
But+ 

TABLE 12 
AGO/ AHo/  ASo/ 

53 
52 

44 48 14 
42 46 14 

36 
35 

28 32 12 
17 20 11  

kcal mol-l kcal mol-l cal mol-l K-' 

* The AHfo(R+)  values in Table 9 do not agree well with 
values given by Franklin.38 This is because Franklin's values 
are based on rather old values for AHto(R*)  and for the ionisation 
potentials of alkyl radicals. 

38 J. L. Franklin, in ' Carbonium Ions,' eds. G. Olah and 
P. v. R. Schleyer, Interscience, vol. 1, 1968, p. 85. 

39 L. Radom, J. A. Pople, and P. v. R. Schleyer, J .  Amev. 
Chem. SOC., 1972, 94, 5935. 

general principles of chemical reactivity and lend 
support to the values of APof(R+,  aq) and APo,(R+) 
obtained in this work. For example, it can be seen that 
Markownikoff addition to propene is favoured by 16 and 
to isobutene by 33 kcal mol-1 in aqueous solution at 
298 K. 
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